Early industrialization and the development of cheap production processes for paper 18 have led to an exponential accumulation of paper-based documents during the last two 19 centuries. Archives and libraries harbor vast amounts of ancient and modern 20 documents and have to undertake extensive endeavors to protect them from abiotic 21 and biotic deterioration. While services for mechanical preservation such as ex post 22 32 non-polar group. Physiological experiments and ultimate elemental analysis allowed to 33 determine the minimal inhibitory concentration of each IL as well as the residual IL 34 concentration in process-treated paper. These results provide valuable guidelines for 35 IL-applications in paper restoration processes with antifungal activity as an added 36
de-acidification of historic documents are already commercially available, the 23 possibilities for long-term protection of paper-based documents against fungal attack 24 (apart from temperature and humidity control) are very limited. Novel processes for 25 mechanical enhancement of damaged cellulosic documents use Ionic Liquids (IL) as 26 essential process components. With some of these ILs having azole-functionalities 27 similar to well-known fungicides such as Clotrimazole, the possibility of antifungal 28 activities of these ILs was proposed but has not yet been experimentally confirmed. 29 We evaluated the potency of four ILs with potential application in paper restoration for 30 suppression of fungal growth on five relevant paper-infesting molds. The results 31 revealed a general antifungal activity of all ILs, which increased with the size of the Introduction 39 Private and public archives harbor myriads of historic paper documents as an 40 invaluable treasure of cultural heritage. Numerous library, archive and museum 41 communities around the globe have committed to the task of preserving and -if 42 necessary -restoring these documents to prevent additional deterioration. 43 A large share of paper wear is caused by endogenous abiotic factors, with acidic 44 hydrolysis as a major cause [1] . The use of acidic sizing components and pulping 45 processes, such as the bisulfite process, which were particularly popular throughout 46 the 20 th century, left paper in an acidic state and prone to slow auto-hydrolysis of 47 glycosidic bonds [1, 2] . Furthermore, oxidization of lignin components creates further 48 acidification and hence contributes to progression of paper brittleness [1, 3] . As a 49 result, industrial mass de-acidification of paper-based documents has become an 50 important business with several players involved [4, 5] . Current paper standards 51 promoted by library, archive & museum communities, encompassing endogenous 52 alkaline reserves and lignin contents below 1 %, may have reduced the risk of acidic 53 auto-hydrolysis, but today's paper remains exposed to a variety of other risk factors, 54 warranting further research in preservation and restoration [1] . 55 In parallel to endogenous risks, the control of exogenous factors is an important 56 countermeasure in paper preservation [6] . Exogenous abiotic factors, such as humidity 57 and temperature for example, not only affect abiotic deterioration processes, but also 58 facilitate microbial attack [7] . In a recent survey among 57 institutional participants from 59 20 different countries, Sequeira et al. [8] have found that 79 % of the participants had 60 to deal with fungal infestations even though common preventative measures against 61 fungal deterioration had been undertaken. According to the authors, most of these 62 infestations were caused by unforeseen water contact (floods, leakage, fire Trichoderma species were also reported to be ubiquitously found in archives, 71 museums and libraries [10, 11] . The scientific literature also illustrates a continuous 72 effort in preventing and controlling fungal deterioration of paper-based documents [12-73 17], underlining the significant threat for cellulosic documents imposed by fungi. 74 As identified in a survey by Sequeira et al. [16] , available antifungal options are not yet 75 satisfactory -especially since no high-throughput treatments for removal or prevention 76 of fungal infestations on cellulosic documents are available to date. A novel approach, 77 however, promises a potential for integration of antifungal components in paper 78 documents in a combined industrial de-acidification and mechanical paper 79 reinforcement process [5] . In this process, regenerated cellulose fibers are solubilized 80 in an ionic liquid (IL) and dimethyl sulfoxide (DMSO) as a co-solvent, before applying 81 the solution to cellulosic documents in an immersion bath (Fig 1) . Upon solvent 82 exchange with hexamethyldisiloxane (HMDSO), the cellulose fibers precipitate at the 83 cellulosic surfaces [18, 19] , thereby conferring mechanical reinforcement with 84 neglectable impairment of readability [5] . Notably, residues of (co-)solvents and the IL 85 used for cellulose solubilization get incorporated in the paper material along the way. Fig 1: Process scheme of the paper reinforcement method. potentially confer antifungal properties to documents treated in the aforementioned 104 paper reinforcement process upon incorporation into the cellulosic documents. In this 105 study, we therefore tested four ILs matching these characteristics and showing 106 promising process compatibility properties for their antifungal potential. We could show 107 in bioassays that BA and HC (1-hexyl-3-methylimidazolium-chloride; Fig 2) abolished 108 growth of all tested fungi at 10 % and 1 % volume concentrations, respectively. 
Materials and Methods

122
Growth media and ionic liquids 123 Malt extract media (MEM) agar was prepared as 3 % malt extract (Roth) and 0. 
Results
200
For our study, we selected four fungal strains known to cause paper 201 deterioration in archives, namely Chaetomium globosum, Penicillium chrysogenum, As an important measure with regard to the paper reinforcement process, antifungal 231 activities of the tested ILs would best be assessed as minimal inhibitory concentrations 232 (MIC) in volume percentages. For this, a miniaturized growth assay was developed 233 that allowed assessment of MIC and minimal growth impairing concentration (MGIC).
234
MM-CMC with varying IL concentrations was inoculated with fungal spores in microtiter 235 plate wells (Fig 3e, f) . All ILs but BC caused clear inhibition of growth at 10 % (v/v) 236 concentration, while BC could only mildly impair but not abolish growth at 10 % in P. (Fig S2) . In summary, BA and especially HC were determined to have the 243 highest antifungal potential. When BA-treated and spore-inoculated paper samples were incubated on water agar 261 plates, no qualitative or quantitative effect in growth impairment was observed for T. 262 capillare, which had been found to have the strongest susceptibility to all tested ILs in 263 previous experiments (Fig 4a) . To obviate a possible dilution effect of the effective IL 264 concentration through passive diffusion from the treated paper into the water agar, we 265 also tested whether growth impairment could be observed during incubation of 266 inoculated paper samples without agar but under high humidity conditions. Again, no 267 perceptible difference in growth of T. capillare was observed on untreated versus BA-268 treated paper samples (Fig 4b) , imposing a need for additional investigation in 269 subsequent studies. replacing the agar plates with a high-humidity chamber, as a precaution to avoid the 307 potential dilution of the effective IL concentration from the paper samples, did not result 308 in perceptible growth differences. Although the actual cause for the absence of growth 309 impairment on BA-treated paper could not finally be assessed in this study, we 310 hypothesize that the IL might be trapped inside the adsorbed cellulose fibers, rendering 311 it poorly available for the fungus. Effective IL amounts released during fungal 312 enzymatic cellulose degradation might thus be too low to cause notable growth 313 impairment. However, further studies need to be conducted to examine this 314 hypothesis. 315 Despite a clear antifungal effect of the ILs, the structurally highly related antifungal drug 316 Clotrimazole displayed more than 1000 times higher activity compared to HC, the most 317 potent IL tested in this study. However, this and related compounds are not suitable 318 for usage as cellulose-solubilizing ILs in the industrial process. Additional application 319 designs should therefore also evaluate the possibility of applying highly potent 320 antifungals in the organic solvent-based mechanical restoration to deliver them to the 321 material alongside the fiber repair processes.
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Altogether, by demonstrating a general antifungal potential of ILs and identifying initial 323 chemical parameters that appear to affect their activity, this study can serve as a 324 guidance to focus ongoing research on the integration of biotic preservation 325 substances into mechanical restoration processes for cellulosic documents.
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